The present study examines the effect of humic acid on the uptake kinetics of Cd(II), Cu(II), and Pb(II) by the freshwater alga Chlorella kesslerii. The results demonstrated that the relative proportion of Pb in the cell wall layer is greater than that of the internalized Pb, while internalized Cd and Cu were comparable or greater than the adsorbed metal concentration. In the presence of 10 mg L -1 humic acid (HA), Cd and Cu uptake kinetics were consistent with that predicted by measured free metal concentrations. For Pb, the uptake flux and amount of lead bound to internalization and adsorption sites were an order of magnitude higher than those found at the same free lead ion concentrations in the presence of citric acid. Chemodynamic modeling suggested that the enhancement of the Pb uptake flux in the presence of HA originates from an increasing amount of Pb bound to the internalization sites through a ternary complex formation between lead-humic acid complex and internalization sites. Cell wall speciation calculations indicated that the lead-humic acid complex is the predominant species in the cell wall layer, while for Cu(II) and Cd(II) metal bound to the internalization (Cu) and adsorption (Cd) sites significantly dominated over the M-HA complex. The findings of the work show the relevance of the cell wall layer concentration and speciation and its key role in defining the local equilibrium conditions between metal and internalizations sites. The results of the present kinetic study have important consequences for improvement of the mechanistic understanding of the role of dissolved organic matter in metal uptake in phytoplankton and biogeochemical cycling of metals in the surface waters.
Introduction
An accepted paradigm in understanding the interaction of trace metals with biota has been based upon simple uptake models with the underlying assumption that equilibrium is attained among the metal species in solution (e.g., free metal ion, M z+ , free ion activity model (FIAM) (1) , and metal bound to the sensitive sites on biological membrane ({M-Rs}, Biotic ligand model (2) ). Although able to capture the main trends under well-defined laboratory conditions, these equilibrium models are not always able to quantitatively relate metal speciation and bioavailability in the presence of dissolved organic matter, which is a serious limitation to their applicability to surface waters. For example, Al uptake by the freshwater algae Chlorella pyrenoidosa (3) and the juvenile Atlantic salmon Salmo salar (4) was lower, while Pb uptake by Chlorella kesslerii in the presence of both humic or fulvic acids was greater than that obtained from experiments in the presence of synthetic ligands (5) (6) (7) . Similarly, Pb bioavailability to the green alga Chlorella vulgaris and the diatom Stephanodiscus hantzschili in the presence of river-dissolved organic matter was higher than expected according to speciation measurements (8) . Moreover, Pb uptake by invertebrates as well as its toxicity increased in the presence of humic substances, even when compared to an equivalent total Pb concentration (9) .
To cope with the above limitation an extension of the FIAM for algae, including the possibility of formation of the ternary complex between the metal, humic substance, and algal surface, was proposed (7, 10, 11) . Depending on the proportion of metal bound to algae and metal bound to humic substance bound to algae the ternary complex was suggested to contribute (e.g., for Pb) or not (e.g., for Cd and Cu) to the overall cellular metal (7, 10) . However, the above considerations were developed at constant accumulation times, assuming that the equilibrium is attained between the algal surface and the medium. Also, the modeling approach used did not consider the uptake kinetics nor did it distinguish among the metal bound to the internalization sites on the biological membrane and those bound to the adsorption sites (7, 10) . In addition, metal speciation differences between the bulk solution, the cell wall, and the membrane layer were not taken into account. Recent studies performed with gel layers (used as models of cell walls) showed that the free and total metal concentrations can be considerably increased inside the gel layer when compared with the bulk solution by electrostatic and specific binding effects (12, 13) .
The present study therefore addresses the interactions in ternary systems containing Cu(II), Cd(II), or Pb(II), humic acid (HA), and the green microalga C. kesslerii from a kinetic perspective. The objectives of the present work were 3-fold: (i) to explore the adsorption kinetics of HA to algae; (ii) to understand the metal uptake kinetic characteristics in the absence and presence of humic acid, including the possibility of metal bulk depletion; and (iii) to further assess the role of humic acid on both metal speciation in the cell wall layer and transport across the membrane.
Theory
The uptake flux, J u , is described by a Michaelis-Menten type of equation, representing a fast Langmuirian adsorption of the free metal followed by a slow first-order internalization step (14-16)
where K M-Rs is the metal binding constant to the internalization sites, k int is the internalization rate constant, {R S } tot is the total internalization site concentration, and c M 0 (t) is the free metal concentration at the cell wall/membrane interface.
In cases where the system is far from saturation, which is usually the case in natural waters, a Henry regime (1/K M-Rs.c M 0 (t)) can be used to simplify the mathematical equation, where the uptake flux becomes
where K M-Rs {R S } tot is the Henry coefficient represented by K H . The product of K H c M 0 (t) can be approximated to the amount of the metal bound to the internalization sites of the biological membrane {M-R S } (16, 17) .
If the uptake flux is governed by the internalization, there is no diffusion limitation and only the free metal concentration at the cell membrane interface, c M 0 (t), is equal to the free metal concentration in the cell wall layer (c M w (t)) and is at equilibrium with the bulk free metal concentration (c M * (t)):
The free metal ion concentration and speciation in the cell wall and membrane layer are determined by the total metal concentration, the concentration of binding sites and their strengths (specific binding), the charge (electrostatic effect), and the speciation in the bulk solution (12) . The hypothesis is that if metal adsorbed to the mere adsorption sites is in equilibrium with the internalization sites and solution, then internalization rates will not be affected by their existence. Distinction between individual parameters of the product K H k int is further possible using the accumulative plots and eq 4, which takes into account the existence of a bulk depletion in the medium (18, 19 )
where Ω int and Ω ads are, respectively, the number of moles of internalized and adsorbed metal and t′ is a dummy time integration variable.
Experimental Section
The green freshwater microalga C. kesslerii (CPCC, Canadian Phycological Culture Center) was cultured in a standard algal growth medium (OECD) in an incubator (RUMED, Germany) at a constant temperature of 20°C with rotary shaking (150 rpm) and a 12:12 h light:dark cycle. Cells in the midexponential growth phase were collected by gentle filtration (3.0 µm nitrocellulose filters, Millipore), washed with MES (2-(N-morpholino] ethanesulfonic acid, Sigma) buffered to pH ) 6.0, and resuspended in the experimental medium to a density of 8 × 10 6 cell mL -1 . The experimental medium contained 10 -2 M MES, 10 -6 M total Cd(II), Cu(II), or Pb(II), and 10 mg L -1 of humic acid or citric acid from 5 × 10 -5 to 3 × 10 -4 M, respectively, to provide similar free metal ion concentrations. Standard humic acid isolated from the Suwannee River, HA, was used as a model dissolved organic matter. HA was obtained from the International Humic Substances Society (St. Paul, MN). Stock solutions of humic acid of 1 g L -1 were prepared in Milli-Q water and stored at 4°C in the dark.
Measurement of Humic Acid Adsorption to Algae. The quantity of humic acid adsorbed to the algae was determined as the difference between the HA concentrations in the medium prior to and after contact with algae, as detailed previously (11) at contact times between 1 and 60 min. The concentration of the humic acid in the medium was measured by a UV-vis spectrophotometer (Perkin-Elmer) at 280 nm. A control of humic acid loss on the filters and container walls was systematically performed and taken into account when determining the amount of adsorbed humic acid.
Determination of Metal Uptake Kinetics. Kinetics of metal uptake to algae was determined by measurements of the amount of adsorbed and internalized metal during shortterm accumulation experiments (1-60 min). At each accumulation time 10 mL aliquots of algae suspended in the experimental medium were filtered (3.0 µm nitrocellulose filters, Millipore). Dissolved metal concentrations were measured in the filtrate. Algae on the filter were washed twice with 5 mL of 10 -2 M EDTA (ethylenediaminetetraacetic acid, Fluka) following previously optimized procedures (17, 20) . The adsorbed metal fraction was determined in the EDTA wash filtrate, while internalized metal was determined following digestion of algae on the filter with 0.5 mL concentrated nitric acid (Suprapur, Baker). Dissolved, adsorbed, and internalized metal concentrations were measured by inductively coupled plasma mass spectrometry (Hewlett-Packard 4500, Agilent Technologies, Palo Alto, CA). Cell densities, sizes, and surface distributions were determined by a Coulter Multisizer III particle counter (50 µm orifice) for each experimental run. The average values of the algal radius and the surface per cell were 1.9 µm and 4.54 × 10 -7 cm 2 , respectively. The internalization flux, J u , was estimated as a slope in the plot of the internalized metal over the accumulation time, while the intercept was used as a surrogate of the amount of metal bound to the internalization sites {Pb-R S }.
Determination of Free Metal Ion Concentrations. In parallel to the bioaccumulation experiments, free metal ion concentrations in the medium before algal resuspension were determined by commercial Cu 2+ -or Cd 2+ -selective electrodes (SE) (ThermoOrion Research, ref nos. 9429 and 9448). In the case of lead, a low detection limit Pb 2+ -selective electrode, with an optimized membrane composition, was applied for Pb 2+ measurements in the presence of HA (5) . Details about electrode conditioning and calibration procedures can be found elsewhere (5, 6, 10) .
Results and Discussion
Kinetics of Humic Acid Adsorption to Algae. Experimental results revealed that a constant value of adsorbed humic acid is attained within less than 2 min of accumulation time, the shortest experimental point (Figure 1 ). A similar behavior was observed for both low (2 mg L -1 ) and high (20 mg L -1 ) HA concentrations. This observation implies that equilibrium was rapidly established between the cell surface and the humic acid in the medium and was consistent with the theoretical estimation of the time in which equilibrium between HA and algae will be attained. By using the diffusion coefficient of HA molecules of 2.8 × 10 -6 cm 2 s -1 (21) at pH 6.0, the time necessary to attain 90% of the equilibrium adsorption of HA molecules to the smooth algal surface of one spherical cell with a radius of 1.9 µm was estimated to be less than 10 s, assuming that adsorption is limited by diffusion of the HA in the solution (for more details see the Supporting Information). Furthermore, the amount of binding sites (e.g., carboxylic) added to the algae by adsorption of 10 mg L -1 HA was estimated at 3.4 × 10 -10 mol COOH, assuming 4.9 × 10 -3 mol COOH/g of HA (22) and 80% deprotonation under the studied conditions (23) .
Overall, the obtained results demonstrated that adsorption of humic acid is a rapid process and that, under natural water conditions, the algal surface is probably covered by humic substances. Hence, the adsorbed humic substances might affect the properties of the algal surface by enhancing membrane permeability of both lipophilic metal complexes (24) and hydrophilic substances (25) , by increasing the negative surface charge (6, 11) , and by adding the additional binding sites (10, 11, 26) .
Kinetics of Metal Uptake by Algae in the Presence of Citric Acid. The amount of adsorbed metal rapidly attained constant values within a minute for all three metals ( Figure  2 ). {Pb} ads was unchanged between 1 and 60 min. In contrast, about a 17% decrease of {Cd} ads and 22% of {Cu} ads was found at the longest accumulation time studied (60 min), also illustrated by the mass balance of dissolved, adsorbed, and internalized metal content ( Figure S1 , Supporting Information).
Furthermore, for Cd and Pb the intercepts in temporal plots of internalized metal, used as surrogates of the metal bound to the internalization sites, {M-Rs}, were about 12 and 13 times smaller than the adsorbed metal, respectively, while this ratio was less than 2 for Cu (Table 1) .
J u , {M-R S }, and {M} ads were obtained by operational separation of the total metal uptake into two components that include fast (adsorbed) and slow accumulating fractions (internalized) using EDTA extraction (17, 20) . Alternatively, the internalization rate constants and Henry adsorption parameters were determined from the total accumulated (adsorbed + internalized) metal by theoretical modeling (16) ( Table 1 ). The Henry coefficient K H decreased in the order Cu 2+ > Cd 2+ ≈ Pb 2+ , in agreement with the binding affinity and number of binding sites in the cell wall and membrane layer (10) . The internalization constants, k int , decreased in the order Cd 2+ > Cu 2+ > Pb 2+ .
The amount of internalized Cd, Cu, or Pb increased linearly with accumulation time (Figure 2 ), allowing calculation of the internalization fluxes presented in Table 1 . The fractions of the internalized and adsorbed Cu were comparable at short accumulation times (<10 min). With increasing time increments, the ratio {Cu} ads /{Cu} int was significantly reduced and internalized Cu dominated the uptake. The above observations were in agreement with secondary 63 Cuion distribution in the individual C. kesslerii cells washed with EDTA (27) , demonstrating that most of the Cu is in the Pand protein-containing compartments of the cell and that only a negligible amount of metal is at the cell periphery. This also independently confirms the efficiency of the EDTA extraction procedure (27) .
Similarly, in the first 30 min adsorbed Cd prevailed over internalized Cd, while at 60 min the internalized fraction was twice the value of the adsorbed one. By contrast, although the ratio {Pb} ads /{Pb} int decreased over the accumulation time, the amount of adsorbed Pb was always larger than that of internalized Pb and this remained unchanged whatever the accumulation time (Figure 2c ). In addition, the lead internalization rate constant is significantly lower than that for Cd and Cu, meaning that there is no variation in either adsorbed Pb or bulk concentration.
Following the chemodynamic modeling, the decrease of adsorbed Cd and Cu (Figure 2a and 2b) at longer accumulation times was attributed to bulk depletion of the free metal ion that is in equilibrium with the adsorbed metal in the cell wall layer rather than the possibility that the internalization step is faster than the metal diffusion toward the algal surface. More details can be found in the Supporting Information.
Metal Uptake by C. kesslerii in the Presence of 10 mg L -1 Humic Acid. No difference in the amount of Cd or Cu bound to the internalization and adsorption sites was observed in the presence of CA or HA. Cd and Cu internalization fluxes in the presence of humic acid corresponded to those observed for equivalent concentrations of free metal in the presence of citric acid (Figure 2, full symbol) . These results were consistent with comparable amounts of internalized and total cellular (adsorbed + internalized) metal at constant accumulation times found in our previous work (10) . By contrast, the Pb internalization flux (slope, Figure  2c , full symbols) adsorbed Pb and Pb bound to the internalization sites (intercept, Figure 2c ) shifted to about 10× higher values (Table 1) in the presence of HA for identical free lead ion concentrations in solution. However, the ratios {Pb} ads /{Pb-R S } in the absence and presence of HA were very close. The internalization rate constants (k int ) were comparable in the presence of humic or citric acids, which suggest that HA adsorption does not induce changes in the membrane transporters involved in Pb internalization.
Since the values of internalization rate constants, k int , are equivalent in the absence and presence of HA (Table 1) , a reasonable fit between experimental and simulated internalized Pb (Figure 3) can be obtained only if {Pb-R S } increases in the presence of HA. The increase of {Pb-R S } was hypothesized to originate in the increase of K H or free lead ion concentration at the cell wall/membrane interface, c Pb 0 (t). An enhancement in K H suggests that humic acid adsorption modifies K M-Rs and/or {R S } tot . An increase of the total internalization site concentration{R S } tot , resulting in a 10fold increase in the {Pb-R S } and J u , seems impossible since the Langmuir plots of {Pb-R S } over bulk [Pb 2+ ] in the presence and absence of humic substances have comparable plateau values (6, 10) . An increase of K M-Rs would suggest that the affinities of the metal to the internalization sites are modified by HA adsorption. Even if this is theoretically possible, the parallel shift in the uptake fluxes in the presence of humics in comparison to those obtained in the presence of other ligands (6, 10) implies that such modification is unlikely. Therefore, the increase of the free metal ion concentration at the cell membrane surface, c Pb 0 (t) (eq 3) was hypothesized to promote an enhancement of {Pb-R S } and J u ; this hypothesis was verified by comparison of the metal speciation in the cell wall layer in the presence of humic and citric acids.
Speciation calculations were performed for a cell wall layer of 100 nm and using concentrations of total lead adsorption {R NS } tot ) 6.0 × 10 -10 mol cm -2 and internalization sites,{R S } tot ) 1.5 × 10 -11 mol cm -2 and respective stability constants K NS ) 10 5.0 M -1 and K S ) 10 5.6 M -1 (17) . Metal bound to the adsorption sites in the cell wall layer is assumed to be at equilibrium with the internalization sites on the plasma membrane and with the bulk solution. The electrostatic interactions were neglected for simplicity since they were shown to be of secondary importance in the increase of internalized Pb (10) . The estimated value of 1.5 × 10 -13 mol cm -2 for {Pb-R S } is very close to the experimental value obtained in the presence of citric acid ( Table 1 ). The calculated free lead ion concentration of 3.2 × 10 -8 M in the cell wall layer was equivalent to that in the bulk solution. In the presence of HA, following the rapid adsorption of HA ( Figure  1) , additional COOH binding sites are added in the cell wall layer. This results in a 10-fold increase of the amount of total Pb in the cell wall layer. However, the free lead ion concentration was comparable to that in the bulk solution since the multiple K PbHA *[COOH] in the cell wall increases by roughly 1000-fold to 2.9 × 10 4 versus 32.1 in the bulk. Even if it is further assumed that K PbHA is affected by adsorption into the cell wall, if it becomes weaker (e.g. K PbHA )10 5.5 M -1 ) this will result in only a 2.5 times increase of c Pb 0 (t), which produces an increase of {Pb-R S } to 3.8 × 10 -13 mol cm -2 , which is still far from the measured value of 1.6 × 10 -12 mol cm -2 . Therefore, the possible increase in the free lead ion in the cell wall alone could not explain the 10-fold increase in the uptake fluxes in the presence of HA.
Consequently, two alternative hypotheses were considered to explain the enhanced J u and {Pb-R S } for Pb(II) in the presence of HA and the lack of such an increase for Cd(II) or Cu(II). The first one involves direct interaction of the M-HA complex with the internalization sites and the second one an increase in the free metal ion concentration at the cell wall/membrane interface following dissociation of M-HA in the cell wall layer. These hypotheses are consistent with the cell wall speciation calculations (Figure 4 ), which demonstrated that the cell wall speciation of Pb is largely dominated by the Pb-HA. This was not the case for Cd(II) and Cu(II), where metal bound to the internalization (Cu) Table S2 , Supporting Information.
and adsorption (Cd) sites determine cell wall layer speciation. The above calculations are also consistent with literature data available for alga Chlorella, showing that Cu(II) binds to the phospholipids in the biological membrane (28) and is taken up by liposomes without any ionophores (29) . In contrast, the predominant contribution of the carboxylic groups and the low amount of amino groups (found in the cell membrane and cell wall) to Cd uptake was found (28) . Furthermore, the diffusion flux of the free metal ion in the cell wall layer is more than enough to supply all the internalized metal; therefore, no increase in the internalization flux of Pb through dissociation of the Pb-HA complex can be expected to occur. Hence, the increase in the concentration of Pb bound to the internalization sites {Pb-R s } was assumed to be due to a significant increase of Pb in contact with the internalization sites, for example, by interaction between the Pb-HA complex, internalization sites, ternary complex formation, and its further dissociation Pb-HA + R s a HA--Pb--R s a Pb-R s + HA Indeed, 80.5% of the total cell wall lead was bound to humic acid, 18% to the adsorption sites, and only 1.5% to the internalization sites ( Figure 4) . In contrast, about 80% of the cell wall Cd or Cu were bound to the adsorption (Cd) and internalization (Cu) sites. These results imply that for Cd and Cu much less M-HA in the cell wall layer is available to interact with metal internalization sites than for Pb. In addition, due to their higher affinity, most of the internalization sites are occupied by Cu and formation of a ternary complex with Cu-HA will have only minor contribution to the amount of Cu bound to the internalization sites.
Environmental Implications. Although specific for the particular alga, metals, and HA employed, the broad findings of the present study can have important implications for a more general understanding of metal interaction with microorganisms and their biogeochemical cycling in surface waters. The results demonstrate the existence of important differences among Cd(II), Cu(II), and Pb(II) uptake characteristics and cell wall layer speciation, which must be considered to better understand the metal uptake mechanisms in natural waters (e.g., in the presence of dissolved organic matter, DOM). Since uptake fluxes (used as surrogates of the biological response) are related to the metal bound to the internalization sites, any change in total metal concentration and speciation (e.g., due to the DOM adsorption) in the cell wall will affect the internalization flux. The results of the present study suggest that not only metal concentrations and speciation in the medium but also, more importantly, the concentration and species distribution within the cell wall and cell wall layer-membrane interface will play a key role in the overall uptake process. Indeed, the uptake fluxes were directly related to the metal bound to the internalization sites, independent of the bulk chemistry conditions, in the absence and presence of humic substances or ligands with different lability (6, 17) . Furthermore, since the subcellular distribution of metals in algae and their association to different biological macromolecules strongly influence their assimilation efficiency by herbivores (30), the obtained results have very important implications for the biogeochemical cycling of metals in the surface waters.
